The increase in airway resistance that follows the breathing of fine inert dust was first demonstrated by DuBois and Dautrebande (1), who also showed that an aerosol of carbachol had the same effect. The compliance of the lungs was reduced, which led these authors to conclude that the increased airway resistance was unevenly distributed. Constantine and associates (2) confirmed the increased airway resistance in similar experiments and also noted an increase in intrathoracic gas volume, which they attributed to trapping of gas. McDermott (3) found a significant increase in airway resistance after breathing similar dusts at concentrations almost certainly less than those used by the previous workers and more comparable to the concentrations encountered under certain industrial conditions. She also commented on the considerable individual variation in response.
The increase in airway resistance that follows the breathing of fine inert dust was first demonstrated by DuBois and Dautrebande (1), who also showed that an aerosol of carbachol had the same effect. The compliance of the lungs was reduced, which led these authors to conclude that the increased airway resistance was unevenly distributed. Constantine and associates (2) confirmed the increased airway resistance in similar experiments and also noted an increase in intrathoracic gas volume, which they attributed to trapping of gas. McDermott (3) found a significant increase in airway resistance after breathing similar dusts at concentrations almost certainly less than those used by the previous workers and more comparable to the concentrations encountered under certain industrial conditions. She also commented on the considerable individual variation in response.
The first part of the present study had two main objectives, the first of which was to determine the extent to which these inhaled materials altered the distribution of alveolar ventilation and to observe the effects this had upon respiratory gas exchange in the lungs. Of at least equal importance was the possibility that the experiments might reveal something of how the distribution of alveolar perfusion responds to an acute alteration in the distribution of alveolar ventilation, and this has influenced the design of the experiments.
During these experiments the possibility arose that the observed effects might result from the associated moderate hyperventilation. A preliminary observation lent support to the idea that hyperventilation was followed by an increase in * Submitted for publication June 10, 1963 ; accepted November 21, 1963 .
Aided by the Endowment Research Fund of the United Birmingham Hospitals. physiological dead space, and this led to the second series of experiments. The results, which have already been reported briefly (4) , showed a prolonged increase in physiological dead space after hyperventilation in the sitting position. This was prevented by substituting a mixture containing carbon dioxide for air during the period of hyperventilation and was much less evident when the subjects were supine.
Methods
Respiratory gas exchange was investigated by the measurement of the alveolar-arterial difference in oxygen tension (A-aD) and physiological dead space. Expired gas was collected in a Tissot spirometer for 2 minutes and was analyzed by the Scholander method. During this time three samples of blood for estimation of Po2 and two samples for Pco2 were obtained from a needle in the brachial artery, sampling extending over the whole of the 2-minute period. The Po2 of arterial blood was measured within 10 minutes of sampling by a polythene-covered combined electrode system (5), the standard deviation of an estimate of oxygen tension in the region of 100 mm Hg being 0.7 mm Hg. Arterial Pco2 was measured by a modification of the interpolation method of Astrup (6) . The blood was centrifuged anaerobically at 38°C, and after the initial pH reading, the plasma was equilibrated at three known carbon dioxide tensions.
The alveolar oxygen tension was calculated from the alveolar gas equation, assuming arterial carbon dioxide tension to equal alveolar carbon dioxide tension. Physiological dead space was calculated from the Bohr equation, with the same assumption concerning Paco2. The apparatus dead space was subtracted, and the result has also been expressed as a percentage of the tidal volume (VD/VT).
The distribution of alveolar ventilation was studied by the single breath oxygen test (7) , the test conditions being standardized as suggested by Kjellmer, Sandqvist, and Berglund (8) . Procedure in hyperventilation studies. The subj ects were divided into four groups as follows: Group 1 comprised nine subjects studied before and after hyperventilation, breathing air, in the sitting position. Group 2 comprised four subjects studied before and after hyperventilation, breathing 3 to 5%o carbon dioxide in air, in the sitting position. Group 3 comprised four subjects studied before and after hyperventilation, breathing air, in the supine position. Gronp 4 comprised nine subjects studied before and after hyperventilation, breathing air, in the sitting position, and who were also given an intravenous infusion of angiotensin 30 to 40 minutes later.
Two control measurements were made before hyper- The mean results obtained in five subjects in hyperventilation, a solution of synthetic angiotensin was whom measurements were made at rest over a substituted for the normal saline and was delivered by a period of an hour without inhalation or hyperconstant infusion pump at the rate of 2 ug per minute . . . for 5 to 12 minutes. Further measurements were made ventilation are presented in Table I . Individual during and after infusion.
values for VD/VT and A-aD are given in Table II . In describing the results, in the following sections, it has been found helpful to consider the changes at each time interval from the mean of the control observations made before the inhalation of the bronchoconstrictor or before hyperventilation. The results from Table I 
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II. Effects of carbachol aerosol
The mean results in four subjects who breathed carbachol aerosol are given in Table III . Indi- Figure 1 , which also shows the fall in alveolar oxygen tension associated with the decreased alveolar ventilation. Arterial oxygen tension, however, fell much more than the alveolar tension with a resultant increase in A-aD which had returned to the control value only after one hour.
The changes in A-aD, VD/VT, and the nitrogen concentration difference after carbachol inspiration are shown in Figure 2 with, for comparison, the changes in the control subjects described above. The significance of the changes after carbachol inspiration has been determined by comparing the mean change at each time interval with the mean change observed in the control group of subjects at a comparable time.
There was an increase in the nitrogen concentration difference, and this remained significantly greater for 60 minutes after carbachol inspiration. The increase in A-aD occurred in all subjects and was greatest at the first measurement, 4 minutes after carbachol, thereafter decreasing progressively. The increase was significant up to minute 16. There was no change in physiological dead space, and a slight but insignificant increase in VD/VT. In the one subject in whom it was measured, anatomical dead space decreased by 54 ml after carbachol inspiration (Table V) .
III. Effects of calcium carbonate dust
The mean results in eight subjects are presented in Table VI Figure 4 , together with the control values. The nitrogen concentration difference increased in all subjects, but the changes were somewhat variable, and the mean increase was only significant until 14 minutes after the inhalation. A-aD increased in each subject, was greatest at the first measurement, 2 minutes after breathing dust, and decreased thereafter, the increase remaining significant up to 8 minutes after breathing the dust. Physiological dead space increased in most of the subjects, but the mean changes were not significant at any time. In contrast to the subjects who breathed carbachol, VD/VT increased in five of the eight subjects immediately after the dust and remained elevated for an hour. In the remaining three subjects there was no change. The mean increase was significant for the first 17 minutes. Anatomical dead space was measured in three subjects (Table V) Table I .
t rime from end of period of hyperventilation.
and after hyperventilation being 3.4 and 3.6%, The average expired volume during hyperventilarespectively. Anatomical dead space was mea-tion was 22.7 L per minute, and the average Paco, sured in four subjects and increased after hyper-was 23.9 mm Hg. In two subjects VD/VT inventilation in two, decreased in one, and did not creased after hyperventilation, but there was no change in the remaining subject (Table V) . The change in the remaining two subjects. The mean mean value was 134 ml before and 143 ml after changes in VD/VT and A-aD are illustrated in hyperventilation. Figure 7 ; there was a significant increase (p < b) Hyperventilation, breathing carbon dioxide 0.05) in VD/VT 10 minutes after hyperventilain air, sitting. Individual values for A-aD and tion, but not at subsequent times, and A-aD re-VD/VT are given in Table VII and the mean re-mained unaltered. sults in Table IX . The average expired volume d) Effects of the infusion of angiotensin after during hyperventilation was 22.4 L per minute, hyperventilation. These subjects, who hypervenand the average Paco2 was 38.8 mm Hg. The tilated breathing air in the sitting position rechanges in VD/VT and A-aD after hyperventila-ceived an infusion of angiotensin about 35 mintion are illustrated in Figure 6 . In neither case utes later. In three subjects this was followed by was the change significantly different from that an immediate fall in VD/VT to the control value in the control subjects. before hyperventilation, and there was no rise c) Hyperventilation, breathing air, supine. In-when the infusion ceased. No change was obdividual values for A-aD and VD/VT are given served in the remaining subjects, and there was no in Table VII and the mean results in Table X . alteration in A-aD. (12, 13) . It has been assumed, therefore, that within the range of tidal volumes encountered in the present studies, a change in the ratio VD/VT represents a change in physiological dead space.
Effects of carbachol aerosols and dust. Alveolar ventilation was less evenly distributed after the inhalation of either a carbachol aerosol or calcium carbonate dust, and both of these agents also reduced alveolar ventilation. This increased unevenness of the distribution of ventilation was accompanied by an increase of both A-aD for oxygen and VD/VT, although physiological dead space itself did not change. The increase was greatest within a few minutes of breathing the bronchoconstrictor materials, and both returned to normal during the subsequent hour. There was a considerable variation between individual subjects in the extent of the response to bronchoconstrictors, which is consistent with the observations of McDermott (3) concerning the changes in airway resistance.
In general, the effects of carbachol and dust were similar although the A-aD returned to normal more rapidly after dust than after carbachol. In one respect, however, the effects of the two materials differed; although VD/VT increased after breathing calcium carbonate dust, there was no change after carbachol inspiration. Interpretation of the change in physiological dead space would have been easier if anatomical dead space had also been measured simultaneously. The few mea-surements made suggested that anatomical dead space decreased after carbachol, which constricts the major bronchi, but not after calcium carbonate dust. It is therefore deduced that after both carbachol and dust there was an increased frequency of high ventilation-perfusion ratios in the lungs.
Hyperventilation in the sitting position was shown to cause a prolonged increase in VD/VT, and the possibility was therefore considered that the changes after breathing dust or carbachol aerosol might have been the result of associated hyperventilation. The extent to which ventilation increased when breathing the bronchoconstrictor agents was certainly less than in the hyperventilation experiments, but its effect upon Paco2 was not measured. Although VD/VT increased after both carbachol and dust, as after hyperventilation, there was also an increase in A-aD that was not seen following hyperventilation, which is therefore unlikely to have caused the changes observed after the bronchoconstrictor agents.
Of the components of the A-aD, that due to the effects of diffusion limitation in the lung can be neglected. It is thought to be small when breathing air, and there is no reason to believe that this changed when the bronchoconstrictor agents were administered. The increase of A-aD could represent a greater blood flow through anatomical communications between the venous and arterial systems. Carbachol undoubtedly entered the systemic circulation, giving rise to flushing and in one case to a desire to micturate. It is possible that carbachol increased venous admixture through bronchial or Thebesian veins which drain into the pulmonary veins or left ventricle, or through intrapulmonary shunts. Such a mechanism, however, seems unlikely in the subjects who breathed calcium carbonate dust. The more probable explanation of the increased A-aD is that ventilation-perfusion ratios in the lung were altered, so that their distribution was over a wider range. This interpretation is supported by the accompanying increase in VD/VT in the subjects who breathed dust, without any change in anatomical dead space.
The A-aD and VD/VT remained increased for a shorter time than the nitrogen concentration difference in the single-breath test. Eight minutes after inhaling dust and 16 minutes after inhaling carbachol, the distribution of ventilation-perfusion ratios had returned to normal, but this was not due to re-establishment of normal ventilation. DuBois and Dautrebande (1) reported significantly increased airway resistance up to 58 minutes and changes in compliance up to 45 minutes after inhalation of similar amounts of inert dusts. Constantine and associates (2) and McDermott (3) found that airway resistance was still markedly increased at minute 45 and 1 hour, respectively. It is possible that changes in the singlebreath nitrogen test were a more sensitive index of uneven ventilation than were changes in A-aD and VD/VT of uneven ventilation-perfusion ratios. This point is difficult to establish, but it seems unlikely, since in two subjects ventilation was sufficiently disturbed to produce changes in A-aD and VD/VT without detectable alteration in the nitrogen concentration difference.
An alternative explanation is that a mechanism exists by which perfusion is adjusted to maintain normal ventilation-perfusion relationships throughout the lung, after an acute disturbance of the distribution of ventilation. This could result from vasoconstriction of vessels supplying poorly ventilated alveoli, which are consequently hypoxic.
Although no firm conclusions can be drawn, this possibility merits further investigation, especially in subjects who breathe inert dust, in whom a direct action on the pulmonary blood vessels is unlikely.
It is not possible to state the concentration of dust which these subjects breathed, but it was comparable to that used in the studies of airway resistance (1, 2 From measurements in five subjects, it was concluded that an average of 1,100 ml carbon dioxide was lost during the 3 minutes of hyperventilation. Three minutes after hyperventilation the average rate of carbon dioxide retention was about 100 ml per minute; presumably the rate of retention had been greater immediately after hyperventilation ceased. Although Paco2 remained low 2 minutes after hyperventilation, it had returned to its previous value by 10 minutes after hyperventilation. It was concluded that from 10 minutes onwards there was no appreciable retention of carbon dioxide and that a steady state had been restored. Arterial and alveolar carbon dioxide tensions had become stable, and determinations of alveolar oxygen tension and of physiological dead space after this time therefore appeared valid.
The subjects who were studied in the sitting position and breathing air showed a considerable increase in both physiological dead space and VD/VT after hyperventilation. Since it was also shown that anatomical dead space did not change after hyperventilation, this change indicates that the ventilation-perfusion ratio in some alveoli had increased. This increase could have resulted from a disproportionate increase in the ventilation of these alveoli or from a decrease in their perfusion. It is possible that after hyperventilation, the pattern of alveolar ventilation was altered in such a way that some alveoli became better ventilated. There is no reason to believe that this did occur, and the single-breath test provided no evidence of an alteration in the distribution of ventilation. Furthermore a change of distribution in this way, associated with an unchanged or decreased total alveolar ventilation would also lead to an increase in the A-aD for oxygen, whereas a small decrease was actually observed.
The small reduction A-aD, although statistically not significant at any one time, was consistent at each measurement after hyperventilation.
It was associated with a small decrease in PAO2, which as we have previously shown (14) would be expected to lead to a decrease in A-aD. The magnitude of the change after hyperventilation was, however, rather more than would have been predicted from the change in PA02. The decrease in A-aD could be explained either by increased ventilation or decreased perfusion of some alveoli which before were relatively poorly ventilated; from the previous argument the latter seems the more probable.
In the normal subject in the erect position, the upper parts of the lung are both poorly perfused and relatively poorly ventilated (15) , although the former is more pronounced, so that the ventilation-perfusion ratio of the upper zones is greater than the average for the whole lung. Since the changes we observed were only significant in subjects in the erect posture, it is suggested that they resulted from a decrease in blood flow to the upper parts of the lung. Since these areas have predominantly high ventilation-perfusion ratios, the effect upon physiological dead space was much more prominent than the change in A-aD.
The fall in blood flow to the upper parts of the lung presumably resulted from a fall in perfusing pressure, and the results also suggest that this effect was mediated by a change in carbon dioxide tension. It has been shown that hyperventilation in the supine position causes an increase in cardiac output (16, 17) , even if a fall in Pco2 is prevented (18). Burnum, Hickam, and McIntosh (19) reported a fall in systemic blood pressure due to vasodilatation, and the decrease in systemic vascular resistance was prevented by addition of carbon dioxide to the inspired gas during hyperventilation ( 19, 20) . Nothing is known of the effects upon the pulmonary circulation, but the systemic vasodilation might lead to pooling of blood in the peripheral vessels with a consequent fall in pulmonary arterial pressure, especially in the upright position.
There remains to consider the reason for the persistence of the increase in physiological dead space for 60 minutes after hyperventilation. The effects of hyperventilation on PacO0 lasted for no more than 10 minutes, and there is no published evidence that the circulatory effects last any longer than this. It therefore appears that apical blood flow decreased because of a fall in perfusing pressure, but was not restored when that pressure returned to its former value. Such an occurrence could be explained by the closure of some blood 568 RESPIRATORY EXCHANGE AFTER BRONCHOCONSTRICTORS AND HYPERVENTILATION vessels when the pressure within them fell below a certain level and by their failure to reopen until a somewhat higher pressure was reached.
In further experiments an attempt was made to raise the pulmonary intravascular pressure by intravenous infusion of angiotensin. This is known to raise both pulmonary arterial and wedge pressure in the supine position (21), and we have some evidence that it has a similar but smaller effect in the sitting position. The results were inconclusive, perhaps in part because the magnitude of the rise in pulmonary intravascular pressures in these subjects may have been variable. The positive results are, however, consistent with the hypothesis of a critical opening pressure in the pulmonary blood vessels of the upper parts of the lung.
Summary
Aerosols of carbachol and clouds of calcium carbonate dust were administered to normal subjects, and both disturbed the evenness of alveolar ventilation as measured by the single-breath oxygen test.
After carbachol aerosol inspiration, there was an increase in alveolar-arterial difference in oxygen tension (A-aD), no change in the ratio of physiological dead space to tidal volume (VD/VT), and a decrease in anatomical dead space.
After breathing dust clouds, A-aD increased and so did VD/VT, but there was no change in anatomical dead space.
Both A-aD and physiological dead space returned to control values sooner than did the singlebreath oxygen tests. The possibility that this indicates a local redistribution of pulmonary capillary blood flow in response to the acute disturbance of distribution of alveolar ventilation is discussed.
After a brief period of voluntary hyperventilation in the sitting position, there was an increase in physiological dead space and in VD/VT that persisted for 60 minutes but only a small and nonsignificant decrease in A-aD.
When a fall in Pco2 was prevented by addition of carbon dioxide to the inspired gas during hyperventilation, there was no significant alteration in VD/VT or A-aD.
Subjects who hyperventilated, breathing air in the supine position, showed hardly any change in VD/VT and no alteration in A-aD.
It is postulated that hypocapnia during hyperventilation may lead to a fall in pulmonary arterial pressure and a decreased blood flow to the upper zones of the lung; the possible mechanisms are discussed.
